Background: Numerous surgical options for the management of engaging Hill-Sachs lesions exist, of which remplissage has emerged as one of the most popular arthroscopic techniques. Remplissage is not without disadvantages, however, and has been demonstrated to potentially result in a loss of external rotation (ER) due to nonanatomic tethering of the infraspinatus tendon and a potential decrease in infraspinatus strength clinically.
prevent engagement, which include remplissage and coracoid process transfer (ie, Latarjet procedure). 10, 24, 32 Remplissage has emerged as a popular option for potentially engaging Hill-Sachs lesions, as it can be performed through an arthroscopic approach, has a short recovery time, and avoids complications associated with open or bony procedures. 6 The goal of the procedure is to prevent HillSachs engagement by creating posterior capsulotenodesis of the infraspinatus tendon to impede anterior translation and convert an intra-articular lesion to an extra-articular location. 1, 2, 6, 32 Clinical results of remplissage have been encouraging, with recurrent instability rates near that of patients without Hill-Sachs lesions. 3, 6, 9, 13, 25, 31 The main disadvantage of the procedure is a theoretical loss of external rotation (ER) due to nonanatomic tethering of the infraspinatus tendon. 2, 11, 15, 20, 21 There is also concern that the procedure often results in capsulomyodesis that results in a decrease in infraspinatus strength postoperatively. 18, 20 Recently, isolated lateral posterior capsulodesis into the Hill-Sachs defect has been described as an alternative to remplissage to prevent anterior translation without tethering of the infraspinatus. 9 While the authors noted a reduction in recurrent instability and no infraspinatus weakness, there remained a limitation in ER compared with patients without capsulodesis, similar to that observed for traditional remplissage. 9 Glenoid-based, or medial, posterior capsular plication has been described as a method to reduce capsular volume in the unstable shoulder, typically in the setting of multidirectional instability. 23, 27, 28 Medial posterior capsular plication has not previously been investigated as an adjunct to Bankart repair in the setting of an engaging Hill-Sachs lesion. Medial plication could potentially accomplish the primary goal of preventing anterior translation and HillSachs engagement, while avoiding the undesirable sequela of restricted ER often observed after traditional remplissage or lateral (humeral) capsulodesis. The goal of the present study was to evaluate medial posterior capsular plication compared with traditional remplissage as augments to Bankart repair in a cadaveric model of anterior instability with a large, engaging Hill-Sachs defect. We hypothesized that similar to remplissage, medial posterior capsular plication would reduce anterior translation and prevent Hill-Sachs engagement, while demonstrating better maintenance of preoperative motion.
METHODS

Specimen Preparation
Institutional review board approval was waived for this study, as it involved only a biomechanical evaluation of cadaveric specimens. Eight fresh-frozen cadaveric shoulders (38% [n = 3] female) with a mean age of 55.5 years (range, 34-65 years) were obtained by donation to our hospital anatomy program. Specimens were excluded if they demonstrated any of the following: age greater than 65 years old; osteoarthritis; prior labral repair, rotator cuff repair, capsular shift, or other capsular surgery; previous glenoid or humerus fractures; or a history of primary or metastatic cancer in the upper extremity.
Before surgical procedures, all specimens were prepared in the same manner. The specimens were thawed, and all skin and soft tissues were removed, with the exception of the coracoacromial ligament, rotator cuff muscles and tendons, and the pectoralis major tendon insertion. The humeral shaft was transected proximal to the humeral epicondyles and potted into a 5 by 1.5-inch polyvinyl chloride (PVC) cylinder with poly(methyl methacrylate) (PMMA) cement. No. 2 FiberWire sutures (Arthrex Inc) were then placed in a running locking fashion in the rotator cuff tendons (starting medially, moving laterally, and returning to exit medially) as follows: 2 in the subscapularis (resulting in 4 free ends for tensioning), 1 in the supraspinatus, and 1 each in the infrapsinatus and teres minor. Preoperative computed tomography (CT) of all specimens was performed to determine geometries and bony landmarks of the scapulae and humeri for correlation with later biomechanical testing.
Surgical Procedures
Lesser Tuberosity Osteotomy (LTO). To access the glenoid and posterior humeral head, LTO was performed similar to the method described by Degen et al. 10 First, the rotator interval was completely released and the long head of the biceps transected proximally. The bicipital groove was cleared of any soft tissue. LTO was performed starting laterally in the bicipital groove using an oscillating saw. A curved osteotome was then used to complete LTO medially. The osteotomized lesser tuberosity and attached subscapularis tendon were reflected medially to allow visualization of and access to the entire glenoid, glenoid labrum, and posterolateral humeral head when the shoulder was dislocated. At the completion of all surgical procedures, marrow within the proximal humerus was removed using a curette, and dental cement was placed in the defect and on the posterior surface of the osteotomized lesser tuberosity. The osteotomy site was then anatomically reduced and secured with two 3.5-mm nonlocking screws. The cement was allowed to harden before mechanical testing. The rotator interval was loosely closed using 2 interrupted No. 2 Ethibond sutures (Ethicon Inc) after closure of the osteotomy site with the arm in neutral rotation.
Bankart Tear. After exposure of the anteroinferior glenoid and labrum after LTO, a soft tissue Bankart lesion was created by completely freeing the anteroinferior labrum off of the glenoid rim from the anteroinferior quadrant (3:00-6:00 on a right shoulder; 6:00-9:00 on a left shoulder) of the glenoid using a scalpel blade and elevator.
Hill-Sachs Lesion. The humerus was then dislocated to bring the posterolateral humeral head into view for creation of the Hill-Sachs lesion. The Hill-Sachs lesion was created in the posterior superolateral humeral head using the method described in previous studies on this topic. 11, 12, 14 A critical defect size of 30% of the humeral head diameter was chosen based on this work. 12 The specimens were placed in 90°of combined abduction and 60°of ER, and a line parallel to the glenoid axis was drawn on the humeral head. The width of the humeral head perpendicular to this line was measured using calipers and confirmed with the width measured on preoperative CT. A second line was drawn on the superior surface of the humerus, parallel to this first line, at a distance that represented 30% of the humeral width. This line was continued onto the posterior surface of the humerus to create a wedge-shaped defect, simulating a 30% Hill-Sachs lesion. 12 A sagittal saw and osteotome were used to remove the wedge in its entirety. Engagement of the new Hill-Sachs lesion on the anteroinferior glenoid rim was confirmed for each specimen ( Figure 1 ).
Conventional Remplissage. Remplissage of the HillSachs defect was performed using two 5.0-mm BioCorkscrew suture anchors (Arthrex Inc) spaced 1.5 cm apart in subchondral bone below the articular margin in the valley of the humeral head defect. 11, 12 Two limbs of a single No. 2 FiberWire suture from each anchor were passed with a needle through the immediately adjacent infraspinatus tendon, 11, 12 marked, and saved for later tying from outside the shoulder. Medial passage of sutures was avoided, as this has been previously demonstrated to result in significantly reduced motion and translation compared with more traditional suture passage in a cadaveric model.
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Medial Posterior Capsular Plication. Medial posterior plication was performed using two 2.9-mm BioComposite PushLock suture anchors (Arthrex) preloaded with No. 2-0 Ethibond sutures. The anchors were placed posterior and medial to the labrum so that the capsule would be plicated behind the labrum. The anchors were placed at approximately the 6:30 and 8:30 clockface positions (for a right shoulder). For each anchor, one limb of the suture was passed through the capsule immediately adjacent to the capsulolabral junction, and the second limb of the suture was placed through the capsule 1 cm lateral to this position. Posteriorly, the rotator cuff musculature was gently elevated so that the sutures exited through the capsule only. The plication sutures were tagged and saved for later tying.
Bankart Repair. Anterior labral repair was performed by reattaching the capsulolabral complex back to the anterior glenoid using two 2.9-mm BioComposite PushLock suture anchors in the 6:30 and 8:30 clockface positions (for a right shoulder). Similar to previous studies, 2 anchors were found to sufficiently restore stability to the anteroinferior labrum in our model. 11, 12 A curved needle with No. 2-0 Ethibond sutures was passed in a simple configuration through the labrum and immediately adjacent capsule and then fed into the PushLock anchor, which was reduced to the glenoid.
Biomechanical Analysis
Each scapula was rigidly fixed to a custom mount with 2 degrees of freedom ( Figure 2 ). The potted humeral shafts were inserted into 1.5-inch aluminum cylinders, which were then rigidly connected to a metal shaft and mounted to a 6 degrees of freedom shoulder simulator (Figure 2 ). Sutured tendinous insertions of the rotator cuff muscles were connected to stepper motors using wear-resistant ropes through a pulley system. 16 To model the native muscle lines of action, ropes were guided through rigidly fixed eyebolts on the scapula. The stepper motors were connected to load cells and were controlled by a customized program utilizing MATLAB software (MathWorks Inc). Seven lines of action were established, including 3 lines for the subscapularis (representing superior, medial, and inferior portions of the muscle), 2 lines for the infraspinatus, 1 for the teres minor, and 1 for the supraspinatus. Lines for the subscapularis, infraspinatus, and teres minor were each tensioned with a 5-N load (6 lines resulting in a 30-N net load), while the line for the supraspinatus was tensioned with a 10-N load. This resulted in a net 40-N glenohumeral compressive load to establish a stable glenohumeral joint before testing.
Anterior Translation. Anterior translation of the humeral head was tested at 0°and 60°of glenohumeral abduction with respect to the scapular plane (the latter to simulate 90°of clinical abduction) and 0°and 60°of humeral ER. The International Society of Biomechanics (ISB)-recommended shoulder coordinate system was used to describe and track the glenohumeral position. During each testing sequence, the orientation of the scapula was maintained at 30°of scapular abduction (relative to the ground), while the humerus was positioned and fixed at different orientations using the custom humerus fixture (Figure 2 ). An anteriorly and inferiorly directed load relative to the scapula was applied through an eyebolt that was rigidly inserted into the humeral shaft at the insertion of the pectoralis major tendon. This ''dislocation load'' was increased from 0 to 80 N, while an optical motion capture system (Motion Analysis Corp) recorded glenohumeral translation. The 40-N joint compressive load was maintained during each testing sequence. Each specimen was tested before any surgical intervention (normal condition) and in 3 postsurgical states: (1) after the creation of a Hill-Sachs defect and isolated Bankart repair (HSD), (2) condition 1 with the addition of remplissage (RM), and (3) condition 1 with the addition of posterior medial capsular plication (PL). After testing the normal state for each specimen, the testing order of the 2 study conditions was randomized. For each specimen, the limit of anterior translation in its native state was determined from the maximum anterior translation values during tests of the control group at each glenohumeral abduction and ER alignment. Subsequently, anterior translation data from the study groups of each specimen were normalized to the specimen's native limit of anterior translation at that respective glenohumeral alignment, as translation in the normal state was found to be quite variable between specimens. Normalized postsurgical translation data were then compared between the HSD, RM, and PL groups.
Range of Motion (ROM). Similar to the testing procedure for anterior translation, rotational ROM was tested for each specimen in the normal state and at 0°and 60°of glenohumeral abduction for each of the HSD, RM, and PL study conditions. Each specimen was positioned at each abduction angle without fixing the axial rotation of the humerus, and a 1.5-NÁm axial torque relative to the humeral Y-axis (ISB-recommended axis) was applied using a torque wrench at the distal end of the metal shaft that connected to the humerus pot. Maximum internal rotation and ER were recorded using the optical motion capture system.
The native limit of rotational ROM for each specimen was determined from the tests of the normal state at both abduction levels. ROM data from subsequent postsurgical groups (HSD, RM, and PL) were normalized to the respective ROM limit of each specimen at both abduction levels. Normalized postsurgical ROM represented the relative gain or loss of ROM compared with the native state of each specimen, with ''1'' representing no difference in internal rotation (IR) from the normal state and ''-1'' representing no change in ER from the normal state.
Normalized ROM data were compared between the different study groups at both abduction levels.
Engagement. Postoperative CT of all specimens was performed. Kinematic models of each specimen were developed from the reconstructed 3-dimensional bony geometries. Recorded anterior translation motions from the 3 study groups at different glenohumeral alignments were simulated using the kinematic models to determine the frequency of engagement for each study group (Figure 3) .
Statistical Analysis
Statistical comparisons of normalized anterior translation and ROM for the 3 study groups were performed using repeated-measures analysis of variance. Comparisons of the frequency of engagement were performed using the Fisher exact test. For all analyses, P \ .05 was considered to represent statistical significance.
RESULTS
Anterior Translation
Plots of normalized mean anterior translation as a function of an anterior-inferior load are provided in Figure 4 . With the arm in neutral abduction and no ER, plication resulted in significantly lower normalized translation compared with Bankart repair alone at low levels of load (P \ .05 at 20-40 N of load). There were no significant differences between plication and remplissage at any load at 0°of abduction and 0°of ER.
With the arm in neutral abduction and 60°of ER, the PL group had significantly lower normalized anterior translation compared with the HSD group at high levels of load (P \ .05 at 60-80 N of load), while remplissage was not significantly different from the HSD group. There were no significant differences in anterior translation between the PL and RM groups with the arm in this position at any load.
At 60°of abduction and 0°of ER, significant differences were only observed at the highest load, where both remplissage and plication resulted in significantly lower translation than the HSD group (P \ .05), but there was no significant difference between remplissage and plication.
The greatest significance was noted at 60°of abduction and 60°of ER, where both plication and remplissage resulted in significantly lower anterior translation compared with isolated Bankart repair throughout most of the joint loads (P \ .05 from 40-80 N of load), but again, no significant differences were noted between plication and remplissage for any of the loads studied. 
Range of Motion
ROM data, including IR and ER, are presented in Figure 5 . There were no significant differences in normalized IR between the HSD, RM, and PL groups (P . .05 for all comparisons) at either abduction angle. The RM group had significantly less normalized ER at 60°of abduction compared with the HSD and PL groups (P \ .05). There were no significant differences in ER between groups at 0°of abduction.
Engagement
All 8 specimens (100%) in the HSD group engaged at 60°of abduction, 60°of ER, and maximum load (80 N). In that setting, both remplissage and plication prevented engagement in all 8 specimens (P \ .001).
DISCUSSION
The optimal management of Hill-Sachs lesions remains controversial. For those defects deemed of a critical size, a number of surgical options exist, of which remplissage has emerged as one of the most popular arthroscopic techniques. 1, 6 Remplissage is not without disadvantages, however, as it often leads to a loss of ER due to nonanatomic tethering of the infraspinatus tendon 1,2,11,15,20 and a potential decrease in infraspinatus strength clinically. 18, 20 In the present study, we evaluated the use of posterior medial capsular plication as a management strategy for an engaging Hill-Sachs defect in addition to Bankart repair and found that biomechanically, the procedure resulted in a significant decrease in ROM deficits compared with remplissage, with equivalent or improved control of anterior translation and the prevention of Hill-Sachs engagement.
A 30% humeral head defect was chosen to represent a moderate-sized Hill-Sachs defect based on prior work. 11 Elkinson et al 11 demonstrated that for shoulders with 30% Hill-Sachs lesions, isolated Bankart repair was unable to prevent defect engagement, which would allow proper assessment of the effect of the adjunctive procedure (remplissage or plication) on engagement, translation, and ROM. The orientation and depth of the Hill-Sachs lesions were also created in a standard, previously established fashion to improve the reproducibility, precision, and comparative capacity of the findings. 11, 27 We also elected to normalize the measured translation and ROM deficits to that of the normal state, that is, before any surgical procedures, as the amount of baseline translation, motion, and glenohumeral laxity varied significantly between specimens.
Similar to prior biomechanical studies, remplissage successfully prevented engagement of the Hill-Sachs defect and reduced anterior translation. This was at the expense of ER motion, particularly at higher levels of abduction. Elkinson et al 11 evaluated the biomechanical effect of Bankart repair combined with remplissage on 30% Hill-Sachs defects in 8 cadaveric specimens. They found that remplissage was effective in preventing engagement in all specimens and restored normal joint stiffness at the expense of total internal-external ROM in the adducted position. A more recent study found that for larger Hill-Sachs lesions (100% of the glenoid width), remplissage reduced ER in both the adducted and abducted positions, which supports the findings of the current study, although for smaller lesions, remplissage had no deleterious effect on ROM. 21 One prior study, however, demonstrated no significant reduction in motion with remplissage, so these results Figure 5 . Normalized internal rotation (IR) and external rotation (ER) at 0°and 60°of abduction. For IR, a normalized measurement of ''1'' represents IR equivalent to the normal state. For ER, a normalized measurement of ''-1'' represents ER equivalent to the normal state. The error bars indicate standard deviation of the mean. The asterisks indicate statistically significant differences between groups (P \ .05). HS, Hill-Sachs defect and isolated Bankart repair; PL, posterior medial capsular plication; RM, remplissage. must be interpreted with caution, as it is not universally accepted that remplissage results in significant motion loss.
1 While we note a statistically significant reduction in ROM, we are unable to assess the clinical significance of motion loss. Clinical studies of remplissage have reported varied amounts of motion loss, with a recent systematic review reporting an average reduction of ER in adduction of 5.6°and in abduction of 11.3°. 25 Another recent systematic review found no significant loss in glenohumeral ROM clinically, which was supported by another outcomes study. 3, 19 The potential consequences of remplissage, including motion loss and decreased infraspinatus strength, make the identification of other surgical options to reduce translation and prevent Hill-Sachs engagement desirable. Recently, isolated lateral posterior capsulodesis into the Hill-Sachs defect has been described as an alternative to remplissage to prevent anterior translation without tethering of the infraspinatus. 9 While the authors noted a reduction in recurrent instability and no infraspinatus weakness, there remained a limitation in ER compared with patients without capsulodesis, similar to that observed for remplissage. 9 Glenoid-based, or medial, posterior capsular plication has been described as a viable method to reduce capsular volume in the unstable shoulder, typically in the setting of multidirectional instability. 23, 27, 28 A previous biomechanical study investigated medial capsular plication as an adjunct to Bankart repair for isolated anterior instability and concluded that it was not of significant value; however, this study did not consider the potential value in the setting of a Hill-Sachs defect, as specimens only had soft tissue Bankart tears. 22 Our findings support the hypothesis that medial plication can potentially accomplish the primary goal of preventing anterior translation and Hill-Sachs engagement, while avoiding the limitation in ER observed with traditional remplissage or lateral (humeral) capsulodesis.
This study has numerous limitations, most of which are inherent to cadaveric biomechanical investigations. First, this represents time-zero findings that do not account for healing, scarring, or other biological responses that may occur as a result of remplissage or capsular plication. Ultimate load to failure or energy absorbed at ultimate load were not assessed, which could have provided additional information. Second, while glenohumeral instability is typically treated in younger patients, we used specimens largely from elderly donors. This was mitigated by having strict selection criteria for specimens, which are outlined in the Methods section. Third, we used previously described methods to create a standardized Hill-Sachs defect, but the geometry of these simulated defects may differ somewhat from what is observed clinically. Fourth, while Bankart repair, remplissage, and posterior capsular plication would typically be performed arthroscopically, we performed them using an open technique with LTO, as we required access to the humeral head to create the Hill-Sachs defect. Fifth, we only tested ROM at predefined arm positions and forces, while clinically, instability events may occur at any number of arm positions, with dynamic changes in forces and muscle loading that could be different from the loads used in the study. Additionally, posterior medial plication may alter the resting position of the humeral head with respect to the glenoid, which could bias the results during anterior translation testing. Sixth, while we normalized our motion and translation measurements for each cadaveric specimen based on presurgical measurements, we were unable to control for various other factors that can affect translation, including glenoid version. Finally, it may be challenging clinically to reproducibly exclude the rotator cuff from posterior plication, which could result in a reduction in motion due to tethering, thus limiting the clinical translation of these findings.
CONCLUSION
In a cadaveric model, medial posterior capsular plication as an adjunct to Bankart repair offers similar resistance to anterior translation and Hill-Sachs engagement when compared with remplissage in the setting of an engaging Hill-Sachs defect. Medial posterior capsular plication results in less restriction of ER compared with remplissage without any significant limitation of IR. Although this technique may prove to be a reliable method for reducing the rates of recurrent instability after surgical treatment of the unstable shoulder, additional clinical study is certainly warranted.
